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I. Introduction

• The “acoustic mode” is one member of an extensive family of
modes
• The interaction of the “acoustic mode” with circumferential
modes of the treadband in part controls force delivery to the
hub
• Rotation makes everything more complicated!
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I. Introduction

Traffic noise

Vehicle noise

Roadside
residences
• Power Unit noise
• Aerodynamic noise
• Tire/pavement noise

Passengers

Transfer
paths

In cabin noise
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I. Introduction

Structural
Waves

Airborne
Waves

Objective:
1. Build a model coupling the tire structure and air cavity
2. Identify tire structural vibration and acoustical modes
3. Create forced response model incorporating coupled modes
4. Investigate the dynamics property of the tire structure
4

II. Literature Review

Kropp

Structure-borne sound on a smooth tyre
A wave model of a circular tyre. Part 1: belt modelling

Vibrations of Shells and Plates

Pinnington

Soedel

A coupled tire structure/acoustic cavity model

The wave number decomposition approach to
the analysis of tire vibration

Molisani, Burdisso & Tsihlas

Bolton, Song, Kim & Kang
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III. Model description

w

Build an analytical model

Free vibration analysis

Forced vibration analysis

u

❑ The wheel rim is rigid and fixed
❑ Tire sidewall is represented by springs in
radial and tangential directions
❑ Ring structure allows for flexural and
longitudinal waves
❑ Harmonic point input excitation at
arbitrary angle is applied
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IV. Experimental Set up

Computer
radial velocity

Tire Tread

LDV
force

Data Acquisition Box

Signal Generator

Force Transducer

Shaker
Filter

Amplifier
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V. Results
Dispersion relations

3rd acoustical wave

2nd acoustical wave
1st acoustical wave

2nd structural wave
(fast extensional wave)
1st structural wave
(slow flexural wave)
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V. Results
Tire material properties
Parameter

Value

Young’s Modulus [Pa]

Density [kg/m3]

4.8×108
1200

Thickness [m]
Radial stiffness [N/m]

0.008
2×106

Parameter

Value

Pressure [bar]
Inner Radius [m]

3
0.205

Outer Radius [m]
Tangential stiffness [N/m]

0.338
1×106

Natural frequencies [Hz]
n\name
0
1
2
3
4
5

slow
flexural
71.47
50.12
82.9
135.21
188.93
243.13

acoustical
(circumferential)
N/A
208.24
411.68
612.74
810.88
1005.46

fast extensional
318.06
447.44
698.78
982.78
1278.21
1578.68

1st acoustical
(radial)
1352.62
1369.57
1419.44
1499.58
1606.38
1735.93

2nd acoustical
(radial)
2684.33
2692.58
2717.19
2757.78
2813.76
2884.39
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V. Results
Dispersion relations

Analytical

Experimental
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V. Results
Dispersion relations
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V. Results
Dispersion relations

215/60 R16
Dispersion

Coherence (velocity & force)

Cavity depth: 5 in
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V. Results
Dispersion relations

225/45 R18
Coherence (velocity & force)

Dispersion

Cavity depth: 4 in
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VI. Conclusion

❑ The depth-direction acoustical modes in a tire’s air cavity were analytically predicted

❑ The frequency-mobility functions were derived under point harmonic excitation
❑ Experimental data confirmed the analytical results, although disparities exist due to the
difference between analytical and actual tire material parameters
.

14

Tire cavity induced structure-borne noise
study with experimental verification
Ray W. Herrick Laboratories,
Purdue University, USA
Rui Cao* and J. Stuart Bolton
August/27th 2018

I. Introduction
• High frequency interior noise is mostly airborne and usually is not associated
with structural vibration from road excitation. However, low frequency noise,
has a strong association with structural vibration and can be perceived by the
passengers.
• A major component of structure-borne noise comes from the tire’s acoustic
cavity mode near 200 Hz
Why do two tires of same size and geometry, from different manufacturers,
have very different responses, in terms of cavity noise perception?
-

Study force transmission from contact patch excitation to rim center
How the cavity resonance may affect force transmission
Ways of identifying bad tires/good tires, in terms of structure-borne noise
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II. A finite element tire model
A Finite Element structural-acoustical tire model was created to investigate the
tire cavity-induced structure-borne noise
Assembled model

Air cavity model

Meshed assembled model

A 245/40R20 tire was used for dimensions
17

II. A previous finite element tire model
All parts are assumed homogeneous material
Part

Density [kg/m3]

Modulus [Pa]

Thickness [mm]

Poisson’s ratio

Rim

2700

7×1012

10

0.3

Tread

1200

7.5×108

10

0.45

Sidewall

800

5×107

8

0.45

Air

1.204

149180

N/A

N/A

❖ Material properties were simplified and approximated
❖ Rim was set to be very stiff, so it’s resonances were above
the frequency of interest in this study
❖ Air bulk modulus was given at 97 ˚F
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II. A finite element tire model

Model structure assignment
CAD model creation

Material property assignment

Create analysis steps
and select solvers

Boundary condition setting

Loading application
Calculation

Data visualization and post processing
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II. A finite element tire model
Excitations and boundary conditions
F = 650 lbs X 2

BC Continuity boundary
Contact boundary

p0 = 2.05X105 Pa
Load Vertical static loads
Static inflation pressure
Point harmonic excitation

Harmonic point excitation 1N
20

II. A previous finite element tire model

Drive point

Spatial Surface velocity
- unloaded tire

Velocity was measured at points
along the tire tread centerline

Dispersion relations
- unloaded tire
Dispersion was based on the
wavenumber decomposition of
the surface mobility data
21

II. A finite element tire model
Vertical cavity mode (pressure distribution)

Horizontal cavity mode (pressure distribution)

❖ Deformation causes cavity resonance split
❖ One occurs below undeformed cavity resonance (horizontal)
❖ One occurs above undeformed cavity resonance (vertical)
Undeformed resonance: 200.1 Hz; vertical mode: 201.4 Hz; horizontal mode: 199.3 Hz
22

II. A finite element tire model
1st cavity mode - horizontal
Side views
-X

+X

Radial displacement
23

II. A finite element tire model
1st cavity mode - horizontal
Top view
Vertical motion components were
canceled, leaving only horizontal motions
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II. A finite element tire model
1st cavity mode - vertical
Side views
-X

+X

25

II. A finite element tire model
1st cavity mode - vertical
Top view
Horizontal motion components were
canceled, leaving only vertical motion
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II. A finite element tire model
8th structural mode
Side views
-X

+X
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II. A finite element tire model
8th structural mode
Top view
Motion on two sides cancel each other
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II. A finite element tire model
9th structural mode
Side views
-X

+X
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II. A finite element tire model
9th structural mode
Top view
Motion on two sides cancel each other,
except for the peak on top

When 9th circumferential structural mode has same frequency as the vertical
cavity mode, large response is observed
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II. A finite element tire model
Align the structural resonance with cavity resonance
Low stiffness material – 9th mode

High stiffness material – 8th mode
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II. A finite element tire model
Compare with a model without air cavity – fore-aft
10

lowStiff-air
highStiff-air
lowStiff-Noair
highStiff-Noair
-1

10

-2

lowStiff-air
highStiff-air
lowStiff-Noair
highStiff-Noair

10 0

10

-1

10

-2

0 10

-3

ACC X[m/s ]

ACC X[m/s 2 ]

High Stiffness
Vertical cavity mode
= 8th structural mode

10

2

ACC X direction [m/s2]

Low Stiffness
Vertical cavity mode
= 9th structural mode

0

10

-3

10

-4

50

100

150

200

250

300

350

Frequency [Hz]

150

160

170

180

190

200

210

220

230

240

Frequency [Hz]

Without air – fore-aft motion is substantially reduced near 200 Hz for high
and low stiffness cases
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II. A finite element tire model
Compare with a model without air cavity - vertical
10 0

10

ACC Z[m/s 2 ]

High Stiffness
Vertical cavity mode
= 8th structural mode

10

10

lowStiff-air
highStiff-air
lowStiff-Noair
highStiff-Noair

-1

ACC Z[m/s 2 ]

ACC Z direction [m/s2]

Low Stiffness
Vertical cavity mode
= 9th structural mode

lowStiff-air
highStiff-air
lowStiff-Noair
highStiff-Noair

-1

-2

10 -2
10

-3

0

50

100

150

200

250

300

350

Frequency [Hz]

170

180
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200

210

220

230

240

Frequency [Hz]

Without air - vertical motion is substantially reduced near 200 Hz
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III. Experiment verification
Laser Doppler Vibrometry

• Measure tire surface velocity

Tire set up

• Static tire mounted on a rig
• driven by a mini-shaker
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III. Experiment verification
Test facility

Sensors

Tire Pavement Testing Apparatus (TPTA)

Tri-axial accelerometer mounted on the rigid hub
at Ray W. Herrick Laboratories, Purdue University, West Lafayette, IN ❖ Z-direction – normal to the pavement surface
❖ Tires run at 50 km/hr
❖ Y-direction – axial direction
❖ Loaded up to 6000 N, inflation set at 33 psi
❖ X-direction – tire travel direction
❖ Tests run with and without fibrous lining in the cavity
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III. Experimental result
Static dispersion results
Tire 1

Tire 2

❑ Static cavity resonance is close to an odd structural mode for Tire 1
❑ Static cavity resonance is close to an even structural mode for Tire 2
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III. Experimental result
Rim center accelerations – X-direction (fore-aft)

Static cavity resonance: 205 Hz

Static cavity resonance: 211 Hz

❑ 5-10 dB reduction seen at resonance frequencies
❑ Larger reduction seen in Tire 2 – even structural mode aligns with
static acoustic resonance
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III. Experimental result
Rim center accelerations – Z-direction (vertical)

Static cavity resonance: 205 Hz

Static cavity resonance: 211 Hz

❑ Higher response compared to the x-direction
❑ Larger reduction seen in Tire 1 where odd structural mode aligns
with static acoustic mode
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IV. Conclusion
Conclusion
❑ Both the finite element model and the tests confirmed that, if the vertical
cavity mode couples with an odd-number structural mode, the rim center
acceleration will be increased, especially in vertical directions
❑ If the horizontal cavity mode couples with an even-number structural
mode, the rim center acceleration will be increased, especially in fore-aft
directions
❑ The acoustic material was found to effectively decouple the cavity
resonance from the structural resonance by absorbing the cavity resonance,
thus substantially reducing the resultant narrow-band vibration levels around
200 Hz, in both fore-aft and vertical directions
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Introduction
Background (3/3)

▪ Tire rotation expands the frequency split owing to the Doppler effect which causes a difference in phase speeds
in of acoustic wave propagation in the forward and backward circumferential directions within the tire cavity
▪ Structural modes also split and shift owing to the Doppler effect [6], broadening the frequency range of
acoustic/structural interaction

Frequency Split

Split in structural mode for rolling tire, Abaqus [4]

Split in forces at the hub for rolling tire, Abaqus [4]

Frequency Split
∆= 𝑓𝑉 − 𝑓𝐻

Split in acoustic mode for rolling tire, Yuting [5]

Steady-state transport analysis
▪ Steady-State Transport Analysis (SSTA) makes it possible to simulate rolling tires without implementing
time-based transient analysis, using frequency-based, harmonic analysis
▪ Angular velocity (ω) can be defined by making the transformation from a local axis to a global coordinate
system
▪ Solutions converge faster in the acoustic domain as a result of modeling material flow along streamlines
inside the acoustic mesh under rotation, while the structural mesh remains a conventional Lagrangian
mesh
1. Symmetric Model Generation
(SMG)
•
•
•

Treadband (2D shell)
Sidewall (2D shell)
Air (3D solid)

3. Steady State Transport
(SST)

2. Static Analysis
•
•

Inflation analysis
Foot print analysis

•
•

Modal analysis
Harmonic analysis for rolling tire

axle
Load

Contact Patch
Dynamic load
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Simulation results
The influence of rotation on the dispersion relation for deformed tire, R20

▪ The tilting phenomenon in the right curve shown can also be observed, owing to the different
phase speeds in the two wave propagation directions
(a) 0 km/h

(b) 60 km/h

∆=16.6 Hz
∆=4.6 Hz

∆: frequency split in acoustic mode
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Simulation results
The influence of rotation on the acoustic pressure for deformed tire, R20

▪ Phase speed of fore-aft mode is slower, decreasing natural frequency at 60 km/h
▪ Phase speed of vertical mode is faster, increasing natural frequency at 60 km/h
Fore-aft mode, 𝑓𝐻

0 km/h

60 km/h

Vertical mode, 𝑓𝑉

196.2 HZ

200.8 HZ

192.2 HZ

208.8 HZ
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Simulation results
The influence of rotation on the frequency split for deformed tire, R20

▪ The relation between the frequency split and rotation speed is almost linear, except at speeds
lower than 20 km/h

Rotation Speed

𝒇𝑯 [𝐇𝐳]

𝒇𝑽 [𝐇𝐳]

∆𝒇 [𝐇𝐳]

0 km/h

196.2

200.8

4.6

5 km/h

199.2

201.8

2.6

10 km/h

198.7

202.8

4.1

15 km/h

199.2

202.8

3.6

20 km/h

197.2

202.8

5.6

40 km/h

194.7

205.8

11.1

50 km/h

193.7

206.8

13.1

60 km/h

192.2

208.8

16.6

Simulation results
The influence of rotation on forces at the hub for deformed tire, R20
▪ The largest response in the vertical direction occurs at 0 km/h and it tends to decrease as speed increases, while,
in contrast, the horizontal force is generally increasing with increasing speed, reaching a maximum at 60 km/h.

Simulation results
The influence of rotation on forces at the hub for deformed tire, R20
▪ The largest response in the vertical direction occurs at 0 km/h and it tends to decrease as speed increases, while,
in contrast, the horizontal force is generally increasing with increasing speed, reaching a maximum at 60 km/h.

Conclusions
▪ FE simulations based on steady-state transport analysis were used to predict the acoustic mode
frequency split for rolling tires
▪ Two candidate tires were investigated after first confirming the validity of the simulations through
comparison of mobility and dispersion diagram with previously measured experimental results for the
non-deformed case
▪ Both tires showed an increase in the frequency split as the rotation speed was increased, beginning
at a speed of 20 km/h. Under 20 km/h, there was not a significant change in the frequency split.
▪ The force at the hub is observed to be a strong function of rotation speed, since it is affected by
interaction of the split air-cavity modes and the split structural modes that result from rotation

▪ In the next stage of this work, hub force data measured in the laboratory for rolling tires will be
quantitatively compared with the simulation results to demonstrate their reliability
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AccZ, Surf

Estimation from the static LDV
𝑓0 = 190.3 𝐻𝑧

fH =185 Hz

f𝑉 =192.8 Hz

#3. 19-2, 1000 lbs. (22~29℃)

𝟏𝟗𝟓 < 𝒇𝒗 < 𝟐𝟎𝟑. 𝟕
𝜹𝒇𝒓𝒐𝒍𝒍 ≅ 𝟖. 𝟕 𝑯𝒛

#1. 16-2, 1000 lbs. (20~28℃)
𝟐𝟐𝟎 < 𝒇𝒗 < 𝟐𝟐𝟕
𝜹𝒇𝒓𝒐𝒍𝒍 ≅ 𝟕 𝑯𝒛

#2. 18-4, 1000 lbs. (20~28℃)
𝟐𝟎𝟕. 𝟕 < 𝒇𝒗 < 𝟐𝟏𝟓. 𝟕
𝜹𝒇𝒓𝒐𝒍𝒍 ≅ 𝟖 𝑯𝒛
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